This paper introduces the intra-daily implied volatility (IDIV), a new volatility measure to price currency option accurately. The IDIV is developed based on the implied volatility estimated on equally spaced intradaily intervals. This model captures the intra-daily level aggregate information related to foreign exchange (FX) behavior, which changes every five minutes. The implied volatility (IV) and realized volatility (RV) are widely accepted as good estimates of daily and intra-daily price volatility, respectively. Therefore, using the options pricing framework, we assess the capability of IDIV against IV and RV in pricing foreign currency options. A comparison of out-of-sample forecasts under both the F-test and Diebold-Mariano test reveals that the IDIV outperforms both the IV and the RV in estimating one-day-ahead option prices. In other words, the IDIV estimation framework provides a more accurate and efficient volatility estimate for pricing currency options. The findings of this study indicate that the forward looking intra-daily information of IDIV is appropriate to price options correctly rather than forward looking daily and historical intra-daily information is obtained by the IV and RV, respectively. This paper introduces the intra-daily implied volatility (IDIV), a new volatility measure to price currency option accurately. The IDIV is developed based on the implied volatility estimated on equally spaced intra-daily intervals. This model captures the intra-daily level aggregate information related to foreign exchange (FX) behavior, which changes every five minutes. The implied volatility (IV) and realized volatility (RV) are widely accepted as good estimates of daily and intra-daily price volatility, respectively. Therefore, using the options pricing framework, we assess the capability of IDIV against IV and RV in pricing foreign currency options. A comparison of out-of-sample forecasts under both the F-test and Diebold-Mariano test reveals that the IDIV outperforms both the IV and the RV in estimating one-day-ahead option prices. In other words, the IDIV estimation framework provides a more accurate and efficient volatility estimate for pricing currency options. The findings of this study indicate that the forward looking intra-daily information of IDIV is appropriate to price options correctly rather than forward looking daily and historical intra-daily information is obtained by the IV and RV, respectively.
Introduction
To properly price currency options, an accurate prediction of foreign exchange (FX) volatility is crucial. The implied volatility (IV) is widely used as a good estimate of FX volatility for pricing options. However, we argue that the daily-level IV weakens the ability to capture the complete intra-day information, which is essential for accurately forecasting FX movement for pricing options. This study therefore introduces intra-daily implied volatility (IDIV) to obtain whole trading day market aggregate information for pricing currency options with greater accuracy.
In the early research, using data from currency options, Scott and Tucker (1989) find that IV derived from currency options captures nearly 50 percent of the actual currency volatility. When historical volatility is included in the investor's information set, the authors find no evidence of improved predictive accuracy. Jorion (1995) examines the predictive power of IV for the German mark, the Japanese yen and the Swiss franc against the U.S. dollar, traded in the Chicago Mercantile Exchange. Jorion's results suggest that IV outperforms statistical time-series models in terms of information content and predictive power, but it appears to be an upwardly biased estimator of future volatility. Xu and Taylor (1995) examine the informational efficiency of the currency options market in the Philadelphia Stock Exchange. They study four currencies (the British pound, German mark, Japanese yen and Swiss franc against the U.S. dollar) over the period ranging from January 1985 to January 1991. They find that option prices contain incremental information about future volatilities. Christoffersen and Mazzotta (2005) use over-the-counter (OTC) currency options prices and find that the IV provides largely unbiased and fairly accurate forecasts of one-month-ahead and three-month-ahead actual volatility. Chang and Tabak (2007) present evidence that the IV in option prices contains information that is not present in past returns for the Brazilian exchange rate against the U.S. dollar. Instead of currency options, Frijns et al. (2010) and Kang et al. (2010) analyze stock and stock index options, respectively, and confirm that IV is superior in terms of information content and predictive power.
The above-mentioned studies involving IV often find that all the relevant information for predicting the volatility of an underlying asset can be found in the options price. However, we are particularly interested in FX volatility prediction and argue that IV holds the discrete information regarding the FX movement at a specific time of the trading day. Therefore, the daily-level IV is not sufficient for estimating accurate options prices. For example, the IV based on the closing options price information of trading day t might not be an appropriate performance measurement for forecasting the opening or midday options price on trading day t+1. Therefore, we develop the IDIV model to capture the intra-daily-level aggregate information related to FX behavior, which changes every five minutes, to correctly estimate one-day-ahead currency options prices.
This study provides two major contributions to the literature. First, while IV is widely used to predict FX volatility, to the best of our knowledge, IDIV has not yet been explored as a method for forecasting FX volatility for pricing options. Second, Pong et al. (2004) show that a forecast based on RV provides superior accuracy relative to a forecast based on IV. Martin and Zein (2004) present similar results for equity and commodities in addition to currency. It is inappropriate to compare, however, the forecasting capability of realized volatility (RV) and IV since each of these is constructed with different levels of data. Our study evaluates the performance differences between RV and IDIV, based on the same level of intra-daily FX return.
We find that IDIV outperforms IV for pricing options. Further, the outstanding performance of IDIV against RV substantiates its ability for pricing options. This also indicates that the RV contains intra-daily historical information that is not as appropriate for accurately forecasting price options as the information obtained from the IDIV. The paper is organized as follows. Section 2 presents the research methodology. Section 3 describes the data used in this study and Section 4 provides an empirical analysis. Section 5 summarizes the findings and offers conclusions.
Methodology
This study's methodology consists of two primary steps: (i) estimate the IDIV, IV and RV; (ii) forecast options price using volatilities obtained in step (i) as input for the pricing model and to measure forecast pricing error.
Estimate Volatilities
The following sub-sections discuss the IDIV, IV and RV estimation methods used in this study.
Intra-daily implied volatility
To calculate IDIV, first we obtain IV at the intra-daily level using Equations (A3) and (A4) from the Appendix for call (C) and put (P) option, respectively. Chou et al. (2011) find a clear link between the level of IV curve and options liquidity. Further, Nordẻn and Xu (2012) show that the option "happiness" (the steepness of the volatility smirk) is significantly dependent on the options liquidity. Since the call and put options transaction volume (liquidity) is different within the five-minute (5-min) frequency period, the annualized IDIV is computed as the weighted average of call and put IV in Equation (1):
where n is the total number of intervals between 9:30 AM and 4:00 PM on trading day t. In Equation (1), , and , denote the call and put IDIV weights, respectively, for the 5-min interval. For each interval, , is calculated as the total number of call transactions divided by the sum of the total number of call and put transactions (i.e., the total number of call is divided by sum of the total number of call and put). Similarly, for each interval , is calculated as the total number of put transactions divided by the sum of the total number of call and put transactions (i.e., the total number of put ((total number of call + total number of put)). The sum of , and , is equal to 1. Gospodinov et al. (2006) suggest that an unbiased IV can be extracted from near-the-money options. DATASTREAM provides the call implied daily volatility , and put IV , ,. These are interpolated using the two nearest at-the-money (ATM) options series-one above and one below the underlying FX in the financial system software developed by MB Risk Management 1 . Jorion (1995) computes IV as the arithmetic average obtained from the two closest ATM call and put options. Thus, this study estimates the annualized IV on any given day t as the arithmetic average of , and , , , , .
Implied volatility
(2)
Realized volatility
The RV is constructed by summing the squared intra-daily returns sampled at a particular frequency. The optimal frequency for constructing RV is unknown. practice, the RV series is constructed using a 5-min sampling frequency. If is the exchange rate for the 5-min sampling frequency, the underlying exchange rate return in the 5-min interval is estimated as:
.
The realized variance of day t is computed as:
Where n is the total number of intervals from 9:30 AM to 4:00 PM on the trading day. Since RV is the standard deviation of the realized variance, the annualized RV for trading day t is: ,
where D is 252 trading days per year, consistent with the normal assumption of the options market.
Measuring Forecast Pricing Error
To forecast one-day-ahead opening, midday and closing C and P option prices, Equation (4) is developed using the MATLAB built-in function "blsprice," which embeds Equations (A1) and (A2) from the appendix:
where, ∀ , , .
Further, if denotes the difference between the forecasted options price and market options price, the mean square pricing error for n number of observations is:
where ∀ , .
Next, the F-test is modeled as:
where, ∀ , . The null hypothesis : is tested against the alternative hypothesis :
. The mean squared pricing error (MSPE) criterion under the F-test compares the options price forecasting performance of IDIV against IV and RV. Therefore, it is important to test whether the pricing error of IDIV is statistically different from that of IV and RV. Diebold and Mariano (1995) propose a test statistic that there is no difference in the accuracy of two competing forecasts. In the Diebold and Mariano (DM) test, the mean differential loss from π , and π , is estimated as:
Under the null hypothesis of the accuracy of the equal one-day-ahead pricing error, the value of d is zero. The DM statistic is given by:
where,
. Equation (6) follows a t-distribution with   n 1  degrees of freedom.
Data
Using data obtained from the options price reporting authority, this study analyzes the six major European currency options: the Australian dollar (AUD), Canadian dollar (CAD), Swiss franc (CHF), Euro (EUR), British pound (GBP) and Japanese yen (JPY In this study, the intra-daily and daily data are obtained from SIRCA and DATASTREAM, respectively.
The intra-daily data from the SIRCA database consist of call, put, strike and spot price transactions at 5-min intervals in each trading day. The high-frequency intra-daily-level data analysis appears in Table 1 . The sample currency names are given in the first column. The information in Panel A describes the construction of a put-call pair for IDIV. Column 3 and Column 4 of Panel A present the 5-min interval for "total transaction" and "sample transaction," respectively. For the "total transaction," the 5-min interval put-call pair holds one or more transactions. Therefore, the "sample transaction" is constructed by filtering the "total transaction" that has only one put-call pair in the 5-min interval. In last column, the "average daily transaction" is computed as the "sample transaction" divided by the "trading days" from Column 2. The average daily transaction should be 79 for the 9:30 AM to 4:00 PM trading hours. For all currencies, an "average daily transaction" of less than 79 indicates that some of the 5-min intervals do not have a put-call pair transaction.
The information in Panel B defines two different spot price data sets for RV: (i) the FX return for a transaction at the 5-min interval, and (ii) the FX return for a transaction at the 5-min interval that matches the put-call pair transaction. For data set (i), the "average daily FX return" is calculated as the "total FX return" in Column 2 divided by the "trading days" from Column 2 of Panel A. Similarly, the "average daily FX return" of data set (ii) is computed using the "total FX return" in Column 4 and the "trading days" from Column 2 of Panel A. For all currencies, data set (i) provides an "average daily FX return" of 71 (5 from 9:30 AM to 10:00 AM and 11 for each hour from 10:00 AM to 4:00 PM. Since data set (ii) is constructed with matching put-call pair transactions and some of the 5-min intervals do not have a put-call pair transaction (as reported in Panel A), the "average daily FX return" of data set (ii) is less than that of data set (i) for all sample currencies. Data set (ii) will be used to conduct a robustness test for IDIV and RV pricing options.
Intra-daily data obtained from SIRCA are also used to determine the opening, midday and closing options market prices. The first available 5-min interval price between 9:30 AM and 10:00 AM is considered to be the "opening price." Similarly, the period from 12:30 PM to 1:00 PM is used to pick up the first available 5-min interval price and is considered to be the "midday price." The "closing price" includes the first 5-min interval price between 3:30 PM and 4:00 PM.
The daily data obtained from DATASTREAM consist of the nearest daily ATM call and put IV and the risk-free closing domestic and foreign interest rates. The daily nearest ATM strike and spot price is also obtained in order to assess the quality of the daily DATASTREAM interpolated IV for call options (call-IV) and IV for put options (put-IV). The descriptive statistics of strike price, spot price, call-IV and put-IV appear in Table 2 . The mean values of the strike price and the spot price are the same for all currencies. Furthermore, the median values for the strike price and the spot price are quite similar. Therefore, we conclude that the DATASTREAM interpolated call-IV and put-IV using currency options are traded at the nearest ATM. The information in Column 5 and Column 6 provides the mean and median of the call-IV and put-IV, respectively. Whaley (1986) shows that call-IV is, on average, lower than put-IV. We find similar results for the AUD, BP and CAD options (for example, for AUD the mean of the call-IV and the put-IV is 12.92 percent and 12.98 percent, respectively). 
Empirical Analysis
The empirical analysis in this study is carried out in three steps: (i) forecast one-day-ahead opening, midday and closing options prices, as in Equation (4); (ii) conduct an F-test using Equation (5) to compare the MSPE equality for IDIV against that of IV and RV; (iii) perform a DM-test using Equation (6) to determine whether the MSPE for IDIV is statistically different from that of IV and RV. Table 3 provides an analysis of the IV and IDIV opening, midday and closing options price forecasting errors as noted in Panels A, B and C, respectively. The results are presented as the "call MSPE equality test" (Columns 2-4), the "put MSPE equality test" (Columns 5-7) and the DM-test (Columns 8 and 9). For all currencies listed in Panel A, the F-values in Columns 4 and 7 indicate that MSPE (Column 2) and MSPE (Column 5) are larger than MSPE (Column 3) and MSPE (Column 6), respectively. Under the DM-test, the T-stat values for the call and the put in Columns 8 and 9 reveal that MSPE and MSPE are statistically different from MSPE and MSPE , respectively. Furthermore, the positive T-stat values suggest that MSPE and MSPE have a greater value than MSPE and MSPE , respectively. Panel B and Panel C provide similar results for all sample currencies. The consistent findings in the series of F-tests and DM-tests for the opening, midday and closing prices across the six major currency options confirm that the FX forecasting capability of IDIV is better than the FX forecasting capability of IV for pricing one-day-ahead options. Notes: MSPE denotes the mean square pricing error. T-stat represents the T-statistic of the DM-test. The F-test critical value is 1 for the F-distribution with more than 120 degrees of freedom for both numerator and denominator.
Next, the RV and IDIV opening, midday and closing options price forecasting error analysis results appear in Panels A, B and C, respectively, of Table 4. Note that RV is estimated using the intra-daily-level data set (i) in Panel B (Table 1) . The data population structure of Table 4 is the same as Table 3 . For all currencies in Panels A, B and C, the F-test results show that MSPE and MSPE have a larger value than MSPE and MSPE , respectively. Similar results are found using the DM-test. The F-test and DM-test results are consistent across the six major currency options, implying that IDIV outperforms RV for forecasting FX volatility for the next-day options price. Finally, RV is estimated using intra-daily data set (ii) in Panel B (Table 1) to conduct the RV and IDIV price forecasting error robustness test. The test results are presented in Table 5 . The construction and results interpretation of Table 5 are similar to those of Table 4 . The overall F-test and DM-test results are consistent with the results reported in Table 4 . This indicates that the robustness test results substantiate the statement that IDIV is superior to RV for forecasting FX movement for the one-day-ahead options price. Notes: MSPE denotes the mean square pricing error. T-stat represents the T-statistic of the DM-test. The F-test critical value is 1 for the F-distribution with more than 120 degrees of freedom for both numerator and denominator.
Conclusion
Predicting FX volatility for pricing options is critical. In the literature, the IV is considered to be a good estimator of exchange rate volatility. Since the IV contains information for a specific time of the trading day, the IDIV is modeled to accurately capture intra-daily trading day information for pricing options. The IDIV and IV are used as inputs for the Merton version of the Black-Scholes model, which is used to estimate the one-day-ahead options price. The MSPE for IDIV and IV is calculated as the difference between the options market price and the options forecasted price using IDIV and IV, respectively. Under the F-test and the DM-test, the smaller MSPE for IDIV indicates that IDIV outperforms IV for pricing options.
The forecasting performance differences between IDIV and IV might be arguable since the IDIV and the IV contain different levels of market information; the IDIV contains intra-daily information, whereas the IV contains daily-level information. To address this argument, the RV is used as a benchmark to compare the forecasting power of IDIV for pricing options. The RV is constructed based on two different sets of intra-daily-level data: (i) FX returns for 5-min intervals, and (ii) FX returns for 5-min intervals that are matched with the put-call pair frequency. For both data sets, the F-test and the DM-test confirm that
